A sand-loess-soil sequence from the margin of the Mu Us Desert was studied using the isochron infrared stimulated luminescence (IRSL) dating method utilizing K-feldspar grains extracted from sediments. Although the IRSL ages measured with the conventional method showed underestimation as a result of anomalous fading, the isochron results are broadly consistent with independent ages based on stratigraphic correlation in a glacial/interglacial scale over the last 250 ka. For samples older than 250 ka, the IRSL signals approached in field saturation and the isochron dating gave ambiguous results, suggesting an age limit for the method. 
Introduction
Sedimentary deposits in desert areas provide an important record of past climate change (Rognon, 1987; Lancaster, 1989; Petit-Maire and Page, 1992; Stokes et al., 1997; Thomas et al., 2000) . In northern China, episodic dune formation and stabilization occurred during the Quaternary, associated with the waxing and waning of the East Asian monsoon (Sun et al., 1998; Sun et al., 1999) .
Particularly in the arid and semiarid regions, i.e. the transition zone between the desert and loess areas, the sediment record is highly sensitive to climate change and human impacts (Thompson et al., 1989; D'Arrigo et al., 2000; Sun, 2000; Li and Sun, 2006; Sun et al., 2006) . As a result, the arid and semiarid areas in northern China form ideal regions for studying past climate changes and the relationship between climate change and human activities.
To reconstruct the palaeoclimate using information from sediments, one must have a chronological framework. In the past, dating of Holocene sediments in deserts and adjacent areas was mainly based on radiocarbon dating (Wang, 1992; Pachur et al., 1995; Li and Dong, 1998; Chen et al., 1999; An et al., 2000; Zhang et al., 2000; Zhou et al., 2001; Chen et al., 2003; Feng et al., 2006) . However, the low organic carbon content and possible carbon contamination from the root of modern plants in arid areas limits the application of radiocarbon dating, or even invalidates it (Head et al., 1989; Birkeland, 1999) . OSL dating of sediments from the desert areas in northern China has several advantages over radiocarbon dating. Firstly, the sediments in these areas are rich in quartz and feldspar, the minerals most suitable for OSL dating. Secondly, the mineral grains were transported a long distance by the strong wind, probably exposing them to sufficient daylight to zero the OSL signal; thus, the OSL 'clock' is likely to be well reset (Li et al., 2002) . Finally, OSL dating has a greater age range and can be applied to sediments older than 50 ka, beyond the radiocarbon dating limit.
In the last a few years, OSL dating using quartz grains extracted from sediments has been successfully applied in reconstruction past environmental changes in arid and semi-arid regions in north China (Li et al., 2002; Li and Sun, 2006; Sun et al., 2006; Yang et al., 2006; Li et al., 2007b; Lu et al., 2007; Zhou et al., 2009 ). However, the quartz OSL signal saturates at relatively low doses and has made it difficult to use quartz for dating beyond (roughly) 70 thousand years (70 ka), unless the environmental dose rate is exceptionally low. In addition to that, underestimation in quartz OSL ages for old samples has been reported in the Chinese Loess Plateau (Buylaert et al., 2007; Lu et al., 2007; Qin and Zhou, 2009; Lai, 2010) and its northern margin area (Li and Li, 2006; Fan et al. 2011 ). Fan et al. (2011 found a ~50% underestimation in quartz OSL age using the single-aliquot regeneration (SAR) protocol for a ~55 ka sample extracted from a sedimentary layer containing stone tools from the bank of Salawusu River, Mu Us desert in central China. Hence, alternative dating techniques must be explored in order to obtain a robust chronology framework for the aeolian deposits from the Mu Us Desert and the Chinese Loess Plateau.
An alternative mineral commonly used for OSL dating is feldspar. Optical dating of feldspar can undertaken using either visible wavelengths for stimulation or infrared (IR) stimulation; the latter gives rise to an infrared stimulated luminescence (IRSL) signal. The IRSL signal from potassium (K)-rich feldspars (KF) has several advantages over the OSL signal of quartz (Li et al. 2007b ). Firstly, it has been found that the IRSL signal from sand-sized KF grains does not saturate until much higher doses are reached. Hence, it has great potential of extending the time frame for sedimentary deposits.
In addition, the IRSL signal is bright compared with the quartz OSL signal, which enables highprecision luminescence measurements to be made. However, dating using the IRSL signal from sandsized KF grains has not been adopted widely because of anomalous fading (Wintle, 1973; Spooner, 1992 Spooner, , 1994 Huntley and Lian, 2006) , i.e. the IRSL signal decreases during storage at ambient temperature even though the relevant charges should be thermally stable over a much longer
Recently, a new luminescence dating method, isochron IRSL dating, has been proposed (Li et al., 2008b) ; this uses the IRSL signal from KF grains of different grain sizes. This method has been found to avoid problems of anomalous fading of KF (Li et al., 2007a (Li et al., , 2008b and the effects of past changes in environmental dose rate (Li et al., 2008a) . This method has been tested using various samples from different regions of China and it has been found that it can provide reliable ages over the last 130 ka (Li et al., 2008b) . In this paper, we apply the isochron dating technique to a sand/loess/palaeosol profile at the southeast margin of the Mu Us Desert, central China. We compare the isochron dating results with the ages based on stratigraphical correlation and test the old dating limitation of the isochron method.
Geological setting
The study site, the Shimao section, is located at the southeast margin of the Mu Us Desert (37°28'-39°23' N and 106°10'-110°30' E) (Fig. 1) . This area lies within the East Asian monsoon zone with warm and humid air from the southeast in summer and cold and dry air from the north and west in winter (Chen, 1991) ; it is marked by semi-arid and sub-humid climate with a mean annual temperature ranging from 5.5 to 8.0°C and a mean annual precipitation ranging from 200 mm in the northwest to 450 mm in the southeast. More than 60% of the annual precipitation is received from July to September (Members of Loess Plateau Investigation Group, 1991). Stabilized and semistabilized sand dunes are widely distributed in the Mu Us Desert; ~64% of the area is occupied by active dunes. Previous studies have suggested that the occurrence of the modern sand dunes is largely associated with the reworking of the ancient sands of the last glacial maximum (LGM) (Sun, 2000) .
The Shimao section is a 76.7-m-thick aeolian sequence basically consisting of 40 alternated sand/loess/palaeosol layers (Fig. 2) , which was deposited within about 580 ka (Sun et al., 1999) . Each of the sand/loess/palaeosol layers is characterized by different grain sizes reflecting the energy of wind and different magnetic susceptibilities associated with the extent of pedogenesis, which reflects the waxing and waning of the East Asian Monsoon (Sun et al., 1999) . A general description of the sequence has been given by Sun et al (1999) . Previous chronology of the sequence was mainly based on correlation of the grain size curve to the orbitally tuned Baoji section (Ding et al., 1994) by assuming a continuous deposition. It has been shown that correlations of major stratigraphic units (in glacial/interglacial scale) between different sites in the Loess Plateau are reliable (Kukla and Ding et al., 1993) . Hence, given the wide distribution of grain size and the well bleached nature, which is required for the isochron dating method, this profile provides an ideal example to test the age limit of isochron dating. In a recent study, 6 samples from the top 20m from this section has been dated using the isochron dating technique by Li et al. (2008b) , and the results are found to be consistent with the those from stratigraphyic correlation and quartz OSL ages. In the present study, we extend the application of isochron dating to the lower part of the section aiming to provide a crosscheck for the limitation of isochron dating and the chronology of the section based on stratigraphyic correlation.
Methods
A total of 10 OSL samples including the 6 samples reported by Li et al (2008) were collected from the section (Fig. 2) . These include 9 samples from sand layers and one sample (Sm0404) from a loess layer (Fig. 2) . Steel cylinders or aluminium cans 50 mm in diameter and 30 cm in length were pushed or hammered into a freshly-cleaned vertical section of the profile and immediately covered with a lid. In the laboratory, the two ends of the samples in the cylinders were first removed and collected for the estimation of the environmental dose rate. The remaining material was then treated with H 2 O 2 and HCl to remove organic materials and carbonates. After that, various grain size fractions, 90-125, 125-150, 150-180, 180-212 and 212-250 m, were separated for isochron dating.
At least four grain size fractions were obtained from each sample. The KF grains were then separated by flotation in a heavy liquid with a density of 2.58 g/cm 3 . The separated KF grains were treated with 10% HF for 40 minutes. All sample preparation procedures were performed under subdued red to orange light (>590 nm).
All IRSL measurements were performed using an automated Risø TL-DA-12 reader equipped with IR diodes. The IRSL signal from KF was detected through a Schott BG-39 filter combined with a Corning 7-59 filter. Irradiation was carried out using 90 Sr/ 90 Y beta sources attached to the reader.
The dose rate has been calibrated for different grain sizes (Li et al. 2007a) . For measurement, the separated mineral grains were mounted on 9.8-mm-diameter aluminium discs using Silkospray silicone oil.
The equivalent dose (D e ) of KF was determined using a SAR protocol (Murray and Wintle, 2000) with the use of a 10 s preheat at 280C ahead of both the main IRSL measurement and the test dose measurement (Li et al., 2008b) . The IRSL signal was measured at 60 °C for 300 s. The integral of the first 1 s of the OSL signal less the equivalent average signal in the last 5 s was used for calculation of D e . Five regenerative doses, including a zero-dose and a recycling dose, were used for constructing growth curve. Aliquots with a recycling ratio falling out the range of 1.0±0.1 and zero-dose response (usually expressed as the ratio between the sensitivity corrected OSL signals for the zero dose and natural dose, and termed the recuperation ratio) higher than 5% were discarded for D e determination (Murray and Wintle, 2000) . For D e determination, 6-8 aliquots were measured on average for each grain size. The relative standard error for each D e estimate is generally less than 1%, confirming the high reproducibility of single-aliquot D e measurements using IRSL from KF (e.g. Li et al., 2007b) .
The environmental dose rates were measured using several techniques. The contribution from U and Th decay chains was determined using the thick-source alpha counting (TSAC) technique (Aitken, 1985) . The K content was measured using X-ray fluorescence (XRF). Field water content was calculated from the sample weights before and after drying. The contribution from cosmic rays was calculated from the burial depth and the latitude and altitude of the samples (Prescott and Hutton, 1994) .
Results
The D e values, environmental dose rates and IRSL ages for 150-180µm KF from all samples are listed in Table 1 values and the internal dose rates. This allows isochron ages to be estimated for all of our samples except Sm8, for which no dependence between D e and internal dose rate was observed (Fig. 4) .
The isochron ages against sampling depth are compared with the IRSL ages in Fig. 2 . The ages obtained from the isochron method fall within the range of 10-250 ka. The IRSL ages and those derived from stratigraphicy correlation ( Fig. 13 in Sun et al., 1999 ) are compared in Fig. 5 (b) . The IRSL ages show significant underestimation compared to the ages based on correlation, suggesting that the IRSL ages were underestimated. Such underestimation can be explained in terms of anomalous fading, as a result of which IRSL signals from feldspar decrease with storage time at room temperature (Wintle, 1973; Spooner, 1992 Spooner, , 1994 Huntley and Lamothe, 2001; Huntley and Lian, 2006) . Li and Li (2008) reported a fading rate of ~3%/decade after laboratory irradiation for KF from the Shimao section. It is thus concluded that the IRSL ages from the Shimao section are underestimated as a result of anomalous fading.
Discussion

The isochron chronology of the Shimao section in the last 250 ka
The aeolian sand, palaeosols and loess layers from the desert-loess boundary have been suggested as indicatives of the retreat and advance of the Mu Us Desert, which is thought to have been driven by the variation in the extent of aeolian activity, vegetation cover, and precipitation (Dong et al., 1989; Sun and Ding, 1998; Sun et al., 1999) . The isochron ages for samples Sm1, Sm2, Sm3, Sm4, Sm0404, Sm5 and Sm6 and magnetic susceptibility variations plotted against depth for the upper 30 m of the section are compared with the marine oxygen isotopic record (SPECMAP) (Imbrie et al., 1984) in Fig. 5 . The ages for these samples are generally in stratigraphical order and increase with sample depth (Fig. 2) . The isochron dating results are broadly consistent with the previous chronology framework based on stratigraphical correlation (Sun et al., 1999) ( Fig. 5(a) ). This provides a cross-check on the validity of the two independent dating methods. The age of sample Sm1 and Sm2 are 10.9±1.5 and 8.5±1.2 ka, respectively. It is noted that the isochron ages of both samples are consistent with quartz OSL ages (Li et al., 2008b) but lower than the correlation ages, i.e. 20±1 and 25±1 ka. Since OSL dating only record the time since the last exposure to sunlight, the discrepancy between OSL ages and correlation ages suggests that the sand layer was developed during the last glacial maximum (LGM) (or oxygen isotopic stage 2) but was not finally stabilize until the early Holocene. During the LGM period, widespread aeolian sand mobilization still occurred in this region, which caused the materials of sand dunes exposed to sunlight repeatedly, resetting the OSL 'clock' to zero until the early Holocene when and they were stabilized. This age also confirms that the uppermost palaeosol, denoted S0, developed after the early Holocene.
Samples Sm3 and Sm4 gave isochron ages of 40.8±6.4 and 40.3±5.6 ka, respectively. These ages are indistinguishable, and fall within the age range of OIS 3, i.e. from 59 to 29 ka (Voelker, 2002; Thompson and Goldstein, 2006) , indicating that the two sand layers from which the samples Sm3 and Sm4 were taken and the loess layer between them were deposited during stadials and interstadials in the last glacial cycle. This also confirms that the L1 unit, consisting of three sand layers and two loess layers, was deposited during the last glacial period. It is noted that the sample Sm4 from the sand layer immediately above 'S1' was previously thought to have been deposited during OIS 4 (Sun et al., 1999) , with a correlation age of ~70 ka. However, the isochron dating result for sample Sm4 (40.3±5.6 ka) suggests that this layer is actually corresponding to OIS 3. This may indicate that the materials formed during OIS 4 had undergone repeated reworking and mobilization due to the high mobility of the aeolian sediments in the cold/dry condition during OIS 4 in this region. These sand deposits were finally stabilized in a warmer/wetter condition during OIS 3.
Sample Sm0404, taken from the second loess layer within 'S1', gave an isochron age of 92±20 ka, consistent with OIS 5 (Fig. 6 ). This suggests that the 'S1' layer, including three palaeosol layers and two interbedded loess layers, formed during the last interglacial (OIS 5). This is further supported by the age of 121±26 ka for the sample Sm5 taken from the underlying sand layer. The age of Sm5 also indicates that L2 was developed during glacial period corresponding to OIS 6. The S2 unit consists of two thick palaeosol beds and an interbedded sand bed, and it appears to have formed during the interglacial period associated with OIS 7 (Fig. 6) , as inferred by the age of 223±33 ka for sample Sm6 (from the interbedded sand bed). Our dating results support the suggestion that the sand deposits mainly occur during glacial periods, while soil could only develop during interglacial periods (Fig. 6 ).
The limit of isochron dating
By dating a series of samples from the Shimao section from the top of L1 to the bottom of L5 using the isochron dating technique, the age was found to increase with sampling depth for the samples from Sm1 to Sm6 (Fig. 4 and Fig. 6 ). The oldest isochron age obtained, i.e. 223±33 ka, is for the sample Sm6 taken from the palaeosol bed S2. It is interesting to note that the isochron age started to decrease with depth (or deposition age) for samples Sm6', Sm7 and Sm8 (Fig. 4) , although they should be older than the samples above. The isochron dating results for samples Sm6' and Sm7 are 168±35 ka and 82±9 ka, respectively (Fig. 4) . No isochron ages were obtained for Sm8 because no dependence of D e against the internal dose rate was observed (Fig. 4) . The apparent IRSL ages of the samples from the upper part of the section increase monotonically from 8.5 ka for Sm1 to 156 ka of Sm6, as expected from their depth (Fig. 2) . However, the apparent IRSL ages for samples Sm6' (180±7 ka), Sm7 (178±11 ka) and Sm8 (194±8 ka) from the lower part of the section are similar to each other within the errors, although their geological ages presumably differ significantly, based on their stratigraphical locations. It is thus concluded that the IRSL signals for sample Sm6', Sm7 and Sm8 have reached 'field saturation' or 'field equilibrium' i.e. the condition where the rate of electron filling of IRSL traps equals the rate of escaping, such that the net trap population becomes constant (Lamothe et al., 2003; Huntley and Lian, 2006; Li and Li, 2008) .
For the field-saturated samples, e.g. Sm8, all grains saturate at about 650 Gy, independent of size ( Fig. 4) . This maximum dose that can be recorded by the IRSL signal is much lower than the expected saturation dose derived from the laboratory growth curve (Fig. 3) , which shows no saturation up to ~1200 Gy. A reasonable explanation for this observation is that anomalous fading occurred for both the internal dose and external dose for these samples, which is contradict to the observation that the isochron ages for the younger samples agree with the age control (Li et al. 2008) although underestimation in ages would be derived from a conventional IRSL SAR method. Whatever the reason for these contradictions, they suggest an increasing inaccuracy or underestimation in isochron ages for older samples close to saturation. It is thus suggested that the isochron method can only be applied to those samples with natural doses below ~86% of the natural saturation dose, according to the 2D 0 argument (Wintle and Murray, 2006) , i.e. when the conventional IRSL doses from the largest grains are within ~86% of 'field saturation' ( ~500-550 Gy for the samples in this study) then one should be suspicious of the isochron ages. This provides a rough estimation for the limit of reliable isochron ages, of ~200-250 ka.
Conclusions
Sand-loess-soil sequences of the Shimao section from the margin of the Mu Us Desert were dated using the isochron IRSL method using K-feldspar grains extracted from sediments. The isochron results provide an absolute chronological framework for the sequence back to ~250 ka.
Although the IRSL ages underestimate the expected ages (20% in average), the isochron ages were a The α-count rate is measured using 42-mm-diameter ZnS screens.
b The internal dose rate and external dose rate are calculated for an average grain size of 150-180 μm using the dose rate conversion factors of Adamiec and Aitken (1998) and absorbed dose fraction for 87 Rb of Readhead, (2002) .
c The internal dose rate for KF was calculated by assuming values of 13±1% and 400±100 ppm for potassium and rubidium, respectively (Huntley and Baril, 1997; Huntley and Hancock, 2001; Zhao and Li, 2005; Li et al., 2008b) .
